We consider extending the Standard Model by including an additional Abelian gauge group broken at low energies under which the right-handed top quark is the only effectively charged Standard Model fermion. The associated gauge boson (Z ) is then naturally top-philic and couples only to the rest of the SM particle content at loop-level or via kinetic mixing with the hypercharge gauge boson which is assumed to be small. Working at the effective theory level, we demonstrate that such a minimal extension allows for an improved fitting of the ∼ 2σ excess observed in tth searches at the LHC in a region of parameter space that satisfies existing collider constraints. We also present the reach of the LHC at 13 TeV in constraining the relevant region of parameter space. Additionally we show that within the same framework a suitably chosen fermion charged only under the exotic Abelian group can, in the region of parameter space preferred by thetth measurements, simultaneously explain the dark matter relic density and the γ-ray excess at the galactic center observed by the Fermi-LAT experiment.
Introduction
Augmenting the Standard Model (SM) at the TeV scale with an additional gauged abelian group (U (1) ) provides an economical handle to address various shortcomings of the SM. Various aspects of the phenomenology of the U (1) and the associated gauge boson, Z , have been discussed in the literature; see for example [1] and references therein for a review. These unbroken Abelian groups naturally arise in the low scale phenomenology of Grand Unification Models with a GUT group of rank five or higher. They also arise from higher dimensional constructions where symmetry is broken by orbifolding.
In this paper we adopt a bottom up approach within this class of models without specifying any particular UV completion. We consider the possibility that the SM has an additional exotic abelian group with its own Higgs mechanism resulting in a massive Z gauge boson. We will assume that only the right-handed top quark is charged under this exotic U (1) making the Z top-philic 1 . The Z can have kinetic mixing with the hypercharge gauge boson of the SM providing an additional portal for states in the SM and exotic sectors to communicate with each other. Such a top-philic Z has been discussed in the literature in the context of dark matter (DM) [5] and galactic γ-ray lines [6; 7] as well as in the context of vacuum stability [8] , and can be motivated from models of composite/RS dark matter [6] . Such a model also requires additional chiral fermions for anomaly cancellation. We will assume that additional fermions in the exotic sector take care of this but are heavy enough to be decoupled from our effective theory at low energies. Our goal in this paper is to study the possibility that a minimal extension of the SM which includes a top-philic Z is able to address some recent signals that are hard to explain within the SM. We will try to reconcile some observed experimental tension in the LHC data with the apparently uncorrelated issue of dark matter and the galactic γ-ray excess using such a construction.
The ATLAS and CMS collaborations have recently released their combined Higgs measurements using the complete Run I dataset from the LHC [9; 10] . While overall the results show good agreement with Standard Model expectations, they observe a slight excess in the case of Higgs production in association with a pair of top quarks. This process is of particular importance since it allows, in principle, for a direct measurement of the top quark Yukawa coupling, which otherwise only enters via loops in the Higgs production and decays into massless gauge bosons. Though the SM cross-section for this process is small (σ SM ∼ 130 fb at √ s = 8 TeV) and thus measuring its rate challenging at the LHC Run I, interestingly the combined measurement by ATLAS and CMS gives a tth signal strength relative to the SM cross-section of µ = σ/σ SM = 2.3 +0.7 −0.6 for a 125 GeV Higgs boson. This deviation from the SM value (µ = 1) is driven by the multi-lepton channels and in particular the CMS samesign dilepton channel, which gives a best fit value of µ = 5.3 +2.1 −1.8 . Overall, compared to the SM expectation, the observed excess is equivalent to a 2.3-standard-deviation (σ) upward fluctuation. We will show that an additional contribution arising from the production of the Z in association with top quarks (ttZ ) could provide an explanation for the observed excess. (For previous theoretical studies of this excess, see [11] [12] [13] [14] [15] .) We stress that a more precise measurement of this Higgs production mechanism will be one of the key objectives at the LHC Run II, making our study relevant for the near future.
On the other hand an intriguing excess of γ-rays from the galactic center has been observed in the Fermi-LAT data [16; 17] . The observed excess is contingent on the possible large uncertainties in the astrophysical γ-ray background [18] and may in the end have an astrophysical origin. However, it can be well fitted by the continuum photon spectrum provided by DM annihilating in the center of the Milky Way, within the usual thermal weakly interacting massive particle paradigm and for the standard DM relic density profiles. The excess is observed in the energy range of 10 MeV to 300 GeV with a peak around 3 GeV. In the case of our Z extension to the SM, the Higgs mechanism in the exotic sector that breaks the U (1) may leave an unbroken Z 2 under which all the SM states are even. Thus the lightest Z 2 odd state in this exotic sector can become a viable dark matter candidate. The DM can then annihilate to SM states via the Z , potentially leading to an observable γ-ray signal.
To summarize, we consider a top-philic Z in the mass range 150-450 GeV and determine the phenomenologically relevant production mechanisms and decay widths. We translate the constraints from electroweak precision tests and direct searches at colliders and identify the region of parameter space that results in an improved fit of the tth measurements. Furthermore we show that if the exotic sector contains a stabilized Dirac fermion, it can provide a simultaneous solution to the DM relic density constraints and the galactic center excess that is also compatible with the fit to the tth data. We also present the reach of the LHC run at √ s = 13 TeV to explore the relevant regions of parameter space. This paper is organized as follows: in Sections 2 and 3 we introduce the effective theory for the Z and briefly discuss the main phenomenological aspects. Then in Section 4 we discuss the improved fit to the measured tth signal strength and present the current and projected constraints from collider searches. Finally in Section 5 we discuss the dark matter and galactic center γ-ray excess within this framework before concluding in Section 6.
Model
In this section we introduce the effective Lagrangian obtained by integrating out the exotic Higgs sector responsible for breaking the U (1) group and giving mass to the associated gauge boson Z µ . The low-energy effective theory for the top-philic Z and a Dirac fermion χ, neutral under all SM gauge symmetries but charged under U (1) , is given by [6] 
P R is the usual projection operator, which ensures that the Z couples only to the righthanded top. B µν is the hyper-charge field strength, and with some abuse of notation we have used Z to represent both the gauge and mass eigenstates for the new vector. In the presence of non-zero kinetic mixing , the two bases are related as [19; 20] (
Precision electroweak constraints bound 10 −1 -10 −2 for m Z ∈ [150, 450] GeV [21] (with the bound weakening as m Z increases) so these corrections are small.
The U (1) as given in Eq. (1) is clearly anomalous, since the right-handed top is the only SM state with non-zero U (1) charge. We assume that all the anomalies are cancelled by spectator fermions at a scale Λ U V . The details of the U (1) breaking can also be deferred to that scale. Cancellation of mixed anomalies and a viable top Yukawa coupling imply the existence of additional colored resonances at the cutoff scale with present mass limits at 900 GeV [22; 23] . We expect Λ U V 900 GeV m Z , m χ . This justifies studying the phenomenology within the effective theory.
The mixing parameter depends on the details of the UV completion, so we treat it as a free parameter of the low energy theory. However, loops of top quarks in the effective theory generate a kinetic mixing of size
where Λ U V is the cut-off of the theory. For Λ U V ≈ 1 TeV, this contribution is ≈ g t × 10 −2 , safely below the precision constraints quoted above for g t < 1. UV physics can increase or (with some tuning) decrease the magnitude of .
Similarly, top quark loops and UV physics can generate the operator
, which in the low energy theory corresponds to a mass mixing
Top quark loops alone result in
where we have again taken Λ U V ≈ 1 TeV. This can have important effects on the Z coupling to nucleons [24; 25] , and also leads to corrections to the Z mass. The latter leads to the bound [21] 
or m Z /g t 1.2 TeV. As was the case for the kinetic mixing, this term depends on the UV completion and so is a free parameter in the low energy theory. In particular, an O(10%) tuning with the UV completion would suppress the mixing sufficiently to allow m Z /g t ∼ 100 GeV.
Our theory respects an accidental Z 2 symmetry under which χ is odd while all other fields are even. This global discrete symmetry ensures that χ is stable on cosmological scales and a viable dark matter candidate. The Z 2 is naturally interpreted as the residue of breaking the U (1) gauge group, which ensures that it is not broken by higher-dimensional operators [26] [27] [28] . The Z serves as the mediator between the visible and dark sectors, so that the DM is also top-philic.
The properties of the Z
In this section we briefly outline the main properties of the Z gauge boson, in particular the important production and decay mechanisms.
Z Production
The production of a top-philic vector resonance at the LHC was previously considered in detail in Ref. [29] for resonance masses above the tt threshold. Here we briefly summarize the production mechanisms most relevant for LHC searches while focusing in more detail on the lower mass region.
A top-philic Z has several production mechanisms which are potentially of interest at the LHC. Firstly there are the tree-level production modes which involve the production of the Z in association with at least one additional top quark. Of these, production in association with a pair of top quarks (pp → Z + tt) has the largest cross-section and, as we shall show, is of particular interest for searches at the LHC. There are also additional modes with reduced cross-sections such as pp → Z + tj and pp → Z + tW which require the presence of a b-quark in the initial state. These processes are shown in Fig. 1 (a) and (b) respectively. The Z can also be produced via the loop-induced process pp → Z + jets. In the case of small Z − Z mixing, the Z coupling to the light quarks is highly suppressed and tree-level contributions to this process can be neglected. Nevertheless, this process still leads to a larger cross-section than the tree-level associated production mechanisms considered above. The absence of a tree-level contribution does however lead to some subtleties even when computing the leading-order contribution to the cross-section. To begin with the LandauYang theorem [30; 31] ensures that exclusive (Z + 0 jet) production vanishes when the Z is produced on-shell. The leading contribution to the cross-section therefore comes from the Z + 1 jet process where there is an additional parton in the final state, which is shown in Fig. 1 (c) . However, in many cases we shall be interested in experimental analyses which are inclusive in the number of jets, meaning we are forced to consider the contribution of the phase space region where the additional jet is soft and would normally be unresolved. Of course we cannot compute the cross-section in this region of phase space without properly taking into account resummation effects. While a detailed treatment of this process would certainly be interesting it is beyond the scope of this paper. Instead we shall follow the approach taken in [29] and impose the following loose cuts on the additional jet: p T > 20 GeV, |η| < 6.0.
The cross-sections for the ttZ and Z + jets production modes are then shown in Fig. 2 as a function of the Z mass. The cross-sections have been computed for √ s = 8, 13 TeV at leading order (one-loop) in the case of Z + jets and at NLO for the ttZ associated production using MadGraph5 aMC@NLO [32] and the NNPDF2.3 parton distribution functions [33] . 
Z Decays
The phenomenology in this model, both at colliders and for the dark matter, is strongly dependent on the decays of the Z . We are most interested in the case m Z < 2m χ , so that the Z has only visible collider decays. The case m Z > 2m t was previously studied in [29] , so we will largely focus on the complementary scenario. The Z then has no tree-level two-body decays that are not suppressed by small mixing with the Z. The result is that multiple decay modes can be relevant, with a much richer phenomenology.
We can classify the decays at zero mixing into three groups. First are three-and fourbody tree-level decays, of which Z → tW −b /tW + b is most important; see Fig. 3 (a). Second are UV-finite loop-level decays, with final states V V (for V a SM gauge boson) and hγ; these are shown in Fig. 3 (c) . Finally, there are UV-sensitive loop-level decays shown in Fig. 3 
(d):
Z → Zh and Z → bb.
2 These decays involve divergent loops, but in the full theory the divergences must cancel as there is no corresponding tree-level counter-term. They then depend on both the scale and the details of the UV completion. Since these loops are closely related to the anomaly of Eq. (1), we truncate the divergent integrals at the UV cut-off Λ U V ∼ 900 GeV. This means that the effective Z bb and Z Zh couplings are enhanced by ∼ log Λ 2 U V /m 2 Z ∼ 2-3, and generically dominate over the other loop-mediated decays. In the presence of non-zero mass and kinetic mixing, there are additional decays to leptons and light quarks, shown in Fig. 3 (b) . There will also be interference between the loop and mixing contributions for the decays to W W , bb and Zh. In the latter two, the loop contributions always dominate due to the logarithmic enhancement noted above. For the W W decay, the interference is constructive for > 0 as defined in Eq. (1) and for δm 2 > 0 as defined in Eq. (4).
We have computed the decay widths using FeynArts 3.9 [34] and FormCalc 8 [35; 36] . The branching ratios at zero mixing are shown in Fig. 4 , and for non-zero kinetic (mass) mixing in the left (right) of Fig. 5 ; analytic expressions are given in Appendix A. We take the kinetic mixing = 10 −2 , and the mass mixing to be negative and saturate the bound of Eq. (6). These sign choices maximise the branching ratio to light quarks and leptons. In all cases, we see that the dominant modes are some combination of bb, Zh or tt ( * ) , depending on which channels are kinematically accessible. Decays to W W are a non-trivial fraction, while decays to Zγ and hγ could offer a potential signal in the form of a hard photon.
When the mixing is non-zero, we have additional decays to electrons and muons that might provide interesting signals. These branching ratios are larger for kinetic mixing, and decrease more rapidly with mass for mass mixing, because appears unsuppressed in the matrix elements while the mass mixing is suppressed by m 2 Z . This means that the relative contribution to the decays from mass mixing is proportional to
where in the last equality we have replaced and δm 2 by their maximal values. These decays will lead to additional limits on Z and χ, but the parameters controlling these decays are irrelevant for the Higgs and DM phenomenology we are interested in. We show these limits using ATLAS searches for dilepton resonances at 8 and 13 TeV in Fig. 6 . We see that below the tt threshold, direct searches are about an order of magnitude more constraining on kinetic mixing than EWPT, imposing 10 −3 . In constrast direct searches only place limits on mass mixing below m Z ≈ 200 GeV, and for the range of masses of interest are only moderately better than bounds from m Z . We will henceforth assume that the kinetic and mass mixings are sufficiently small that the branching ratios are described by Fig. 4 . Based on these results, we can divide the parameter space into three regions based on the dominant decay mode of the Z . When m Z 300 GeV, the decay Z →tt ( * ) dominates. The phenomenology here is likely to be similar to that studied in [29] . However, below the top threshold several other decay modes can have a sizeable branching fraction. In the intermediate region 220 GeV m Z 300 GeV, the decay Z → Zh dominates with Z →bb also significant. Finally, for m Z 220 GeV, the decay tobb is most important.
Last we briefly comment on the case m Z > 2m χ . When 2m t > m Z , decays to the dark matter will dominate as all other branching ratios are suppressed by loop factors g 4 (4π) −2 ∼ 10 −3 . The Z appears as missing energy at the LHC. When m Z 2m t , the decay to tops and to DM are comparable for g t = g χ . The width to tops is enhanced by a colour factor of 3, but suppressed by a factor of 2 due to the chiral coupling. Closer to threshold, kinematic effects modify this ratio.
Flavour Constraints
Finally we make a few comments on the flavour implications of the Z . If we assume that the Z couples only to top quarks in the gauge basis, then after rotating to the mass basis it will in general mediate flavour violation. However, because the Z only couples to righthanded quarks, the resultant constraints can be trivially satified. Specifically, let us write the up-type Yukawa couplings in the gauge basis Y u as
where y u is the (diagonal) mass-basis Yukawa, and U L and U R are unitary matrices corresponding to the transformations from the gauge to mass bases of the left and right-handed quarks respectively. The flavour violation induced by the Z is proportional to the offdiagonal elements of U R (specifically to U
13
R and U
23
R ). However, as is well known in the SM the matrix U R is unphysical and cannot be measured. In particular, there is no theoretical problem with taking U We briefly comment on how small the mixing parameters must be. The strongest constraints come from charm physics. Integrating out the Z leads to the low-energy effective operator
The scale of this operator is constrained to lie above 10 3 TeV [39; 40] . This gives us the approximate bound
Bounds on the elements of U R individually come from rare top decays, and are completely negligible. We are mainly interested in the region of parameter space where m Z > m t , so Z mediates three-body decays, primarily t → (u/c)bb. We can estimate the branching ratio as
This is well below any feasible experimental measurement for the forseable future [41] .
Collider searches: constraints and improved fits
In this section we demonstrate that an improved fit to thetth data from the LHC can be obtained from our model. We also discuss current limits and the projected reach of the LHC at √ s = 13 TeV in the relevant region of the parameter space.
Fit to the ttH data
The ATLAS and CMS experiments recently presented their combined measurements of the Higgs properties using the complete Run I dataset [9; 10] . While overall the results show good agreement with the Standard Model predictions, there is a mild 2.3σ excess in the measured signal strength for production of the Higgs in association with top quarks. A more precise measurement of this production mechanism will be one of the key objectives in Run II and it is therefore interesting to consider the possibility that new physics could be responsible for the currently observed excess. We shall consider this possibility in the context of our Z model. In Table 1 we have listed the measured ATLAS [42] [43] [44] and CMS [45; 46] signal strengths in the separate final state channels. It is clear that the dominant contribution to the excess arises from the CMS same-sign dilepton (and in particular the di-muon) channel. In the final column we have combined the measurements using the procedure adopted by the Particle Data Group [47] . In particular we assume that all errors are Gaussian and uncorrelated between the experiments.
ATLAS
CMS Combined γγ 1.4 Table 1 : ATLAS and CMS signal-strength measurements for tth production in the various final-state channels.
When investigating the possible Z contribution to the various channels we must consider the fact that the signal acceptance × efficiency is generally expected to differ in our case due to the fact that we have both a spin-1 resonance and potentially different decay modes contributing to the final state. However due to the currently limited statistics, particularly in the leptonic channels, in many cases the analyses do not make extensive use of the detailed kinematics of the final state. We therefore assume that the signal efficiencies are unchanged for our Z signal as compared to the Higgs. A notable exception is the bb channel where the experiments make use of multivariate techniques and the matrix element method to distinguish between the tth signal and dominant tt+jets background. Such multivariate analyses are challenging to replicate and a complete recasting of the experimental analyses is beyond the scope of this paper. Given that these analyses are optimised to separate the tth signal containing a resonant bb pair from the tt + bb background, we instead make the reasonable assumption that only final states containing a resonant bb pair, either from the decay of the Z or the Higgs (via Z →Zh), contribute to the signal. We expect this to lead to a stronger limit on the ttZ cross-section than would be obtained by the full analysis. However, our approximation is aided by fact that Z →bb decays are most important for smaller Z masses not too far from the Higgs mass, as shown in Fig. 4 .
We perform a χ 2 -fit of the signal-strengths listed in Table 1 as a function of the Z mass and coupling, g t . The results are shown in Fig. 7 where we have plotted the best-fit region at the 68%, 87% and 95% confidence levels. We find that a Z contribution can indeed explain the observed excess in the tth signal strength, in particular in the high-mass region where the Z is decaying dominantly into tt ( * ) . 
Current and Projected Limits
There are additional LHC searches which also constrain the parameter space of our Z model. The relevant searches are largely determined by the dominant branching ratios and can be divided into three mass regions. In the high mass region (m Z 330 GeV) the most stringent constraints come from limits on tttt production where the Z is produced in association with top quarks. The upper bound on the cross-section from the ATLAS same-sign dilepton search [48] is 70 fb assuming SM kinematics. In order to determine the bound on ttZ production we have simulated 5 × 10 4 events (using MadGraph5 aMC@NLO, Pythia 6.4 [49] and Delphes 3 [50] ) for a range of Z masses and calculated a relative signal efficiency with respect to the SM. This factor varies from ∼ 0.1 − 1.2 across the 5 signal regions in the ATLAS analysis and the Z masses we considered. For each Z mass we then rescale the reported limit by the largest efficiency factor across the signal regions with good sensitivity. This is expected to give a slight overestimate compared to the actual limit, although the excluded region is relatively insensitive to the precise efficiencies. Intriguingly, this analysis also observed a 2.5σ excess in the signal regions sensitive to four top quark production. In the case of tttt production with SM-like kinematics such a signal is ruled out by the lepton+jets analysis [51] , which sees no corresponding excess and gives a stronger upper bound of 23 fb on the cross-section. However this does not necessarily hold in the context of our Z model where the bound on the cross-section from this search is expected to be weaker. This is due to the fact that ttZ production gives rise to a softer H T spectrum than the SM case for the Z mass range we are considering.
Unfortunately determining the precise bound on ttZ production is not straightforward since the experimental analysis performs a fit to the H T spectrum across eight signal regions. It would certainly be interesting for the experiments to also consider a signal topology similar to our Z scenario in the future.
In the intermediate mass region (220 m Z 330 GeV) the strongest constraints arise from Z decays into Zh. ATLAS has performed a search [52] for a massive vector decaying into Zh, which provides constraints on loop-induced Z + jets production. This analysis only considers resonance masses above 300 GeV, so for lower Z masses we use the CP-odd Higgs search [53] , which gives very similar bounds in the regions where they overlap. In order to estimate the signal acceptance × efficiency for the case of a spin-1 resonance we have rescaled the bound from Ref. [53] by an additional factor of ∼ 1.5 corresponding to the ratio of the expected limits for the two searches at a mass of 300 GeV.
For the low mass region (m Z 220 GeV) the tth searches discussed in the previous section currently provide the only relevant LHC constraints. In this region the Z is decaying dominantly into bb and searches targeting the Z + jets production mechanism in this decay mode will be impossible at a hadron collider. However other decay modes are likely to provide useful constraints in the future despite their relatively small branching ratios. In particular there are existing Zγ resonance searches [54] that are sensitive to Z masses above 200 GeV and which will become relevant at √ s = 13 − 14 TeV. Another channel which may be able to provide constraints in the low mass region is Z →hγ. It would be interesting to further investigate the potential sensitivity of this channel. Finally, there is also the possibility of limits from LEP searches for Z masses below 209 GeV. However the production crosssection is negligible unless one considers non-zero kinetic mixing. The limits on production through kinetic mixing were included in Ref. [21] , and away from the Z-pole were found to be subdominant to constraints from corrections to m Z .
In Fig. 7 we have overlaid the current limits from the tttt and Zh searches on the best fit region for the tth excess. As can be seen on the left of Fig. 7 , which corresponds to the case of only visible decays for the Z , these searches are already starting to probe a significant region of the parameter space including in the higher mass regions which also fit the tth signal. Nevertheless there currently remains a region which both provides a good fit to the tth excess and satisfies all other bounds. When a non-zero branching ratio into DM is kinematically allowed, as shown in the example on the right of Fig. 7 , we see that the region providing a good fit to the tth signal is reduced. This is due to the significantly suppressed branching ratio to visible final states below the tt threshold. The best-fit region also extends to larger values of g t in order to compensate for the reduced branching ratio. Also notice that the constraints from the Zh resonance search completely vanish, while the four top searches lose their sensitivity as soon as one of the top quarks from the decay becomes off-shell. The black and blue lines correspond to Zh and Zγ resonance searches respectively while the tttt search is denoted by the grey line. An estimate of the projected sensitivity to ttZ production based on existing tth searches is shown by the red and yellow dashed lines for the bb and same-sign dilepton channels respectively.
We also show in Fig. 8 the projected 95% CLs exclusion for the various searches at √ s = 13 TeV with 300 fb −1 of integrated luminosity. The significant improvement in the limits is predominantly driven by the large increases in the Z cross-sections when moving to the higher center of mass energy. The cross-sections for the dominant backgrounds in the tttt, Zh and Zγ analyses (tt, Z + jets and Zγ) increase by more modest factors of 3.3 [55] , 1.5 [56] and 1.7 [57] respectively. We also include the projected limits from tth searches assuming a Standard Model Higgs and the absence of any continuing excess. Although note that our projections are likely to underestimate the sensitivity for these searches since they are expected to differ substantially in Run II where the increased number of events will allow for greater exploitation of the kinematics and reconstruction of the resonance mass. In deriving the limits we have assumed that the significance is simply given by S/ √ B such that the limits scale with √ L after taking into account the relative increases in the signal and background cross-sections. In the intermediate and high-mass regions there are good prospects for limits on both Z + jets and ttZ production, while the latter will provide the only significant constraints in the low mass region where the Z is decaying dominantly to bb. Once again, notice that when invisible decays are kinematically allowed, as shown on the right of Fig. 8 , the constraints from future searches are drastically ameliorated below the tt threshold.
Dark Matter and galactic γ-ray excess
The Lagrangian given in Eq. (1) incorporates a natural Dirac DM candidate χ, which couples only to our Z gauge boson with a coupling strength g χ , in principle unrelated to g t . Depending on the mass of the DM, m χ , there can be several channels that dominate its annihilation. If m χ > m Z then there is a t/u-channel annihilation involving the exchange of the DM particle χ as shown in Fig. 9 (a) . The s-wave part of the cross-section can be written as
including both the t and u-channel contributions. This channel can be potentially important in a large region of parameter space. In the case that m χ < m Z , annihilation is dominated by the s-channel exchange of a Z into SM particles as seen in Fig. 9 (b) . The relative contributions of different final states is well approximated by the Z branching ratios for m Z = 2m χ (see Figs. 4 and 5). In the limit of small Z − Z mixing, as was discussed previously for the Z -branching ratios, there are four channels that dominate the annihilation depending on the DM mass: tt for m χ ≥ m t , tW b for 155 GeV m χ < m t , Zh for (m h + m Z )/2 ≤ m χ 155 GeV and bb for m χ < (m Z + m h )/2. For annihilations into tt and bb, we find that the s-wave part of the cross-section takes the form,
where g bb,ef f is the effective loop-induced coupling.
For annihilations into Zh, the s-wave contribution to the annihilation cross-section is given by
where g Zh,ef f is the effective loop-induced coupling of the Z to a Z-gauge boson and a Higgs, and I is the triangle function Including all the main annihilation channel contributions, one can approximately solve the Boltzmann equation for the DM number density and simply relate the DM relic density today to the total s-wave annihilation cross-section at freeze-out, a total , as
where
Here, g = 4 is the number of degrees of freedom of the fermionic Dirac DM, M P l = 1.22×10
19
GeV the Planck mass, x F = m χ /T F with T F the freeze-out DM temperature, and g * the number of relativistic degrees of freedom at T F . We show in Fig. 10 the regions in the m χ -g χ plane that are in agreement with the 2σ-bound on the DM relic density measurement by the Planck satellite experiment, Ω DM h 2 ∈ [0.107, 0.131] [58] , except when close to resonance 2m χ ≈ m Z in which case Eq. (16) breaks down. In the examples shown we have fixed g t = 0.6, which implies an effective Z Zh coupling of g Zh,ef f ≈ 7 GeV and an effective Z bb coupling g bb,ef f ≈ 4.5 × 10 −3 , with a very mild m Z dependence for the values of interest. For m χ ≥ m t , annihilations into pairs of top quarks dominate. The unsuppressed cross section implies a sharp drop in the allowed values of g χ as m χ increases across the threshold. For lighter dark matter, there are two cases to consider. When annihilations to Z are possible, they will dominate and set the relic density. We see in Fig. 10 for m Z = 160 GeV, the required value of g χ increases significantly for m χ < 160 GeV. When m χ < m Z , all annihilation channels are loop suppressed and the required g χ are typically very large. The exception occurs near the resonance 2m χ ≈ m Z , clearly visible in Fig. 10 for both vector masses we consider. The dominant final states are exactly as expected from Fig. 4 ; annihilation into Zh comprises 85 percent of the total cross-section until it becomes kinematically unavailable and annihilation into bb dominates.
Regarding direct detection experiments, they are mostly insensitive to this kind of model due to the small Z − Z mixing. The Z coupling to light quarks (and hence to protons Figure 10 : Regions in the (m χ -g χ ) plane consistent with the Planck satellite measurement of the DM relic density, considering the main annihilation channels for χ. We have fixed g t = 0.6. and neutrons) is generated through the kinetic and mass mixings [7; 24; 25] . As discussed in Section 2, we can always fine-tune these mixings to be small to avoid these constraints. The current LUX constraints [59] bound the DM-nucleon scattering to σ n 10 −45 cm 2 for m χ = 100 GeV. For kinetic mixing this gives the bound g χ 4 × 10 −4 [6; 7] , which requires at most a tuning of O(20%).
There can also be a scattering induced by the Z coupling to gluons. 5 The effective coupling at zero momentum transfer is
with G (F ) the gluon (Z ) field strength. There is a suppression by m −2 t from the top loop that (in contrast to the effective Higgs-gluon coupling) is not compensated for by a large coupling. We can easily estimate the parametric DM-nucleon scattering cross section:
Here, µ χ is the nucleon-DM reduced mass. We have assumed m χ m n so µ χ ∼ m n . This is well below current experimental limits.
There has recently been excitement about an excess in the γ-ray flux emanating near the center of our own galaxy and detected by the Fermi-LAT satellite experiment [60] .
The spectrum of this Galactic Center Excess (GCE) peaks at around 3 GeV and though it could have an astrophysical origin [61] [62] [63] [64] [65] , interestingly enough it can be well fitted by DM annihilation [17; 66-68] . The cross-section that is required to explain the GCE is of the same order as that necessary to account for the DM relic density from thermal freezeout. The large astrophysical uncertainties and the high-energy tail of the spectrum allow for several annihilation channels to individually provide a good fit [18] . This is the case for annihilation into bottom-quark pairs, Higgs-pairs and even top-quark pairs [69] . The latter does not provide a very good fit in analyses of the GCE using older data from the Fermi-LAT collaboration [18] . However, the Fermi collaboration recently reported their own analysis on the excess [60] , which seems to confirm preliminary evidence that the GCE can be fit by a somewhat harder spectrum [69; 70] .
It is therefore interesting to investigate in which regions of parameter space our model could account for the GCE. The fits to the GCE have been performed mainly for annihilations into bottom quarks. Taking into account astrophysical uncertainties, it was found that dark matter masses in the approximate range m χ ∈ [30, 74] GeV provide a good fit [18] . In the case of annihilation into top-quarks, the best fits are accomplished for m χ ∈ [m t , 200] GeV [18] . We show in Fig. 11 the regions of (g χ , m χ ) which provide a good fit at 2-σ according to the results found in Ref. [18] . The left and right panels are for annihilations into bb and tt respectively. In the bb case we have taken g t = 0.6 and m Z = 160 GeV while for tt we have fixed g t = 0.8 and m Z = 320 GeV. The former is a point in parameter space that is allowed by current collider constraints (see right panel of Fig. 7 ) due in particular to the kinematically allowed invisible decay of the Z , while the latter is a point in the parameter space which also allows for a good fit of the tth excess as shown on the left panel of Fig. 7 since in this case Z invisible decays are not kinematically allowed. The loop-generated mixings discussed in Section 2 are consistent with electroweak precision constraints for the high-mass point, while the low-mass point would require an O(1) tuning with the UV physics. We have demanded in both cases that the annihilation channel dominates over all others (> 80%). Notice that in order to have g χ < 1 for the annihilations into bb, we must have m χ 65 GeV. The connection between the necessary freeze-out cross-section and the cross-section that explains the GCE can be made straightforwardly in the regions absent of resonance effects, due to the dominant s-wave component of the cross-sections. All points in Fig. 11 satisfy the correct DM relic density as measured by the Planck experiment [58] .
Though no analysis has been performed studying DM annihilation into Zh, and such a fit goes beyond the scope of this paper, we would like to point out that this may be an interesting annihilation channel that can most likely also explain the GCE. This is based on the fact that both annihilations into pairs of Z-gauge bosons and pairs of Higgses provide good fits to the GCE [18] (in particular annihilation into Higgs pairs). Thus we believe that a combination of them would also provide a good fit in the approximate range of DM masses m χ ∈ [108, 160] GeV, where annihilation into Zh dominates the total cross-section. Demanding cross-sections around (1-5)×10 −26 cm 3 /s , we find that for 0.65 g χ 1 and for DM masses in the range m χ ∈ [108, 140] we expect to be able to fit the GCE and obtain at the same time the correct DM relic density. Figure 11 : Regions in the (m χ -g χ ) plane consistent with the GCE fits for annihilation into bb (left) and tt (right) performed in Ref. [18] and the relic density measurement by Planck. We have taken g t = 0.6 and m Z = 160 GeV (left) and g t = 0.8 and m Z = 320 GeV (right).
Conclusion
Extending the Standard Model by an additional U (1) gauge symmetry provides an economical way to address potential signals that are difficult to reconcile in the context of the SM alone. We have considered the case in which the right-handed top quark is the only SM state charged under the exotic U (1). The corresponding Z gauge boson is then top-philic. The U (1) is clearly anomalous and requires the presence of spectator fermions at the scale Λ U V . Rather than committing to a particular UV completion, we have taken a more general approach and considered the low energy effective description where the only new states are the Z and a Dirac fermion charged under the U (1) which is our dark matter candidate.
Previous studies considering a top-philic Z have largely focused on masses above the tt threshold. We have considered lighter Z masses in the range 150-450 GeV, which leads to a richer phenomenology. The Z can undergo kinetic mixing with the Standard Model hypercharge gauge boson. However, the mixing is constrained to be small by electroweak precision measurements. The dominant production mechanisms for the Z are then the tree-level top quark associated production (ttZ ) and the loop-induced Z + jets process.
The Z phenomenology can be divided into three distinct regions based on the dominant decays of the Z . In the low-mass region (150 m Z 220 GeV) the Z decays dominantly into bb. This region can be probed by searches for ttZ associated production where the Z subsequently decays to bb. Other final states, such as Zγ, can also provide constraints despite their suppressed branching ratios. Decays to Zh dominate in the intermediate mass range (220 m Z 300 GeV). This region is already strongly constrained by existing resonance searches. In the high mass region (m Z 300 GeV) the Z decays dominantly into tt ( * ) and the most stringent constraints arise from searches for four top quark production. We find that with 300 fb −1 at √ s = 13 TeV the LHC will be able to exclude Z masses in the range 150-450 GeV for couplings g t 0.2. However, the collider bounds can be significantly weakened below the tt threshold if the Z is allowed to decay invisibly, for example to the dark matter candidate.
The combined ATLAS and CMS Higgs measurements currently show a 2.3σ excess in tth production, driven by the same-sign dilepton channel. We find that including a contribution from ttZ associated production yields an improved fit to the data and could provide an explanation of the excess for m Z 300 GeV and g t 0.8. Interestingly the lepton+jets search for four top quark production, which is sensitive to the relevant region of parameter space, has also observed a mild excess.
The inclusion of a SM singlet Dirac fermion, charged only under the U (1) , also provides a viable dark matter candidate. It is stabilised by a residual Z 2 symmetry after the U (1) is spontaneously broken. The dark matter interacts with the SM via the Z portal and depending on the dark matter mass several channels can dominate the annihilation. We show that production via standard thermal freeze out can yield the correct relic density for a range of dark matter and Z masses.
The Fermi-LAT collaboration has observed an excess of γ-rays emanating from the galactic center. While there are astrophysical explanations for the source of the excess photons, dark matter annihilation also provides a good fit to the observed spectrum. We find that our dark matter candidate can provide an explanation for the excess via annihilation into bb or tt while simultaneously satisfying the relic density constraint. We anticipate that annihilation into Zh may also be able to explain the excess, however currently no fit has been performed studying this final state. Finally, we find regions in parameter space which can simultaneously provide an explanation for the galactic center excess, give an improved fit to the tth data, and satisfy all current collider constraints. This region of parameter space will be probed during the 13 TeV run of the LHC.
zero by the Yang-Landau theorem [30; 31] , while the width to hh vanishes by Bose symmetry.
A.1 Tree-Level Decays
A.1.1 Z → tt, including off-shell decays
The only SM state the Z directly couples to is the right-handed top. Below threshold, this translates to decays to tW b and W W bb. We can express these decays through two functions, the standard triangle function I defined in Eq. (15) and a related function F :
We then find that the total decay width to W W bb is given by
The integration limits are
The integration variables Q 2 i are the momenta of the intermediate top quarks. When one or both top quarks are on-shell, we can use the narrow width approximation
together with the expression for the top width
A.1.2 Z → leptons/light quarks These decays proceed through the kinetic and mass mixing only. The decay widths for kinetic mixing have been computed in [72] . It is convenient to define two dimensionless mixings,
The effective Z -fermion coupling is
where θ W is the Weinberg angle, and Q f and T f 3 the fermion charge and isospin respectively. Neglecting final state masses, these widths are
A.2 Loop-Only Decays
There are three decay modes that have no tree-level contribution even in the presence of non-zero mixing: the decays to hγ, Zγ and ZZ. All the loop integrals here are finite. We
The decay widths are then
In the last case we have defined the function
A.3 Decays with Loop and Mixing Contributions
The loop integrals here are finite, and the interference between the two contributions is constructive for positive kinetic mixing. We define 
which is B 0 renormalized by M S and using Λ to represent the UV cut-off. We also define the kinematic function v 
There are two separate terms in the matrix element, so we define the functions
with L as defined in Eq. (26) , and the loop integral functions 
The total width is Γ(Z → hZ) = αm Z 48s 
A.3.3 Z → bb
The structure of this decay is the most complex among the leading channels. We define three functions corresponding to distinct terms in the amplitude, 
We have again used L,Q from Eqs. (25) and (26) . We have introduced two new functions, J 4,5 . These are loop integrals 
